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1.  INTRODUCTION 


Metal-insulator-semiconductor  (MIS)  structures  fabricated  from  narrow  bandgap 

semiconductors  are  becoming  increasingly  important  in  monolithic  infrared  imaging 
1  2 

applications.  ’  Since  both  signal  detection  and  processing  can  be  accomplished  on  the 
same  semiconductor  chip  with  such  structures,  very  high  density  focal  plane  arrays  will 
be  possible  in  the  near  future. 

The  suitability  of  PbTe  for  monolithic  infrared  application  has  been  discussed  by 
Tao  et  al.,'*  and  some  experimental  results  on  MIS  structures  fabricated  from  [lOO] 
PbTe  bulk  single  crystals  have  been  reported  by  Lilly  et  aL^  and  Moulin  et  aL1’  An 
alternative  approach  is  the  fabrication  of  MIS  devices  from  epitaxial  thin  films. 
Epitaxial  films  grown  in  a  vacuum  environment  have  the  advantage  of  not  requiring 
surface  lapping,  etching,  and  cleaning,  since  the  insulator  can  be  deposited  immediately 
after  growth.  For  soft  materials  that  require  a  foreign  oxide  such  as  PbTe,  the  lack  of 
surface  treatment  is  expected  to  result  in  a  more  ideal  semiconductor-insulator 
interface.  Moreover,  this  method  has  the  potential  of  becoming  a  low-cost  technology. 

The  fabrication  method  and  MIS  properties  of  structures  fabricated  with  vacuum 
grown  epitaxial  thin  films  are  discussed  in  this  paper. 
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2. 


DEVICE  FABRICATION 


A.  EPITAXIAL  THIN  FILMS 

Epitaxial  thin  films  were  grown  in  vacuum  on  cleaved  BaF„  substrates  by  means  of 

6  7  ^ 

the  hot-wall-epitaxy  (HWE)  method.  ’  This  method  differs  from  other  vacuum  growth 
methods  because  a  heated  quartz  tube  is  used  to  surround  the  space  between  the  sources 
and  the  substrate.  This  tube  is  maintained  at  a  higher  temperature  than  other  parts  of 
the  system,  and,  hence,  the  tube  acts  as  a  reflector  for  the  effusing  molecules.  PbTe 
and  Te  are  sublimated  from  two  sources  whose  temperatures  are  controlled 
independently,  which  provides  control  of  the  stoichiometry  of  the  resulting  films  (Fig.  1). 

BaF2  crystals  obtained  from  the  Harshaw  Chemical  Company  were  cleaved  in  the 
ambient  to  form  5  mm  by  5  mm  by  0.5  mm  slab  substrates  and  mounted  in  an  oil-free 
vacuum  growth  chamber  immediately  after  cleaving.  The  source  materials  used  were 
double  zone  refined  Te  obtained  from  Cominco  (Spokane,  Washington)  and  PbTe  obtained 
from  Atomergic  Chemetals  Co.  (Long  Island,  New  York),  both  were  99.999%  pure. 

In  initial  growth  trials,  the  BaF2  slabs  were  attached  directly  to  a  substrate  heater 
block  with  a  thin  layer  of  liquid  Ga  metal  to  provide  a  low-strain  and  highly  thermal 
conductive  mount  X-ray  diffractometry  verified  that  [ill]  epitaxial  thin  films  were 
grown  routinely,  but  only  rarely  did  the  films  have  specularly  reflecting  surfaces.  Most 
often,  the  surface  consisted  of  submicron  triangular  pyramids.  However,  films  with 
specularly  reflecting  surfaces  could  be  grown  routinely  by  severely  restricting  the 
thermal  coupling  between  the  BaF2  substrate  and  the  substrate  heater  block.  The 
substrate  was  simply  placed  over  a  hole  in  a  thin  (0.4  mm)  stainless  steel  fixture,  which, 
in  turn,  was  mounted  just  below  the  substrate  heater  block  (Fig.  1).  Typically,  the 
substrate  heater  block  was  heated  to  the  370°C  growth  temperature  while  in  an  idling 
position,  with  the  BaF2  substrate  "viewing"  room  temperature  surfaces.  While  the 
substrate  heater  block  was  maintained  at  the  growth  temperature,  the  assembly  was 
moved  into  the  growth  position  over  the  hot-wall  chamber  (position  B)  by  a  rotating 
mechanism.  Direct  measurement  of  the  substrate  temperature  with  a  small 
thermocouple  indicated  that  the  sample  temperature  was  initially  260°C.  When  moved  to 
the  growth  position,  the  sample  temperature  increased  rapidly  as  a  consequence  of 
exposure  to  the  hot  wall  and  source  radiation.  The  initial  temperature  rise  rate  was 
50°C/min,  and  the  sample  was  stabilized  at  about  460°C. 
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Schematic  diagram  of  PbTe  HWE  growth  and 
in  situ  insulator  vacuum  deposition  system. 


It  is  suspected  that  this  mounting  scheme  enhances  the  film  growth  by  increasing 
the  density  of  sites  at  which  nucleation  occurs  because  of  the  low  substrate  temperature 
at  growth  onset.  In  addition,  island  coalescence  in  the  postnucleation  growth  stage  is 
promoted  by  a  rapid  increase  in  substrate  temperature,  which,  in  turn,  decreases  the 
growth  rate  and  increases  the  surface  mobility. 

Nominal  growth  temperatures  were  530°C  for  the  hot  wall  and  the  PbTe  source, 
370°C  for  the  substrate  heater  block,  and  290°C  for  the  Te  reservoir  for  films  near  the 
p-n  turnover  point.  The  growth  rate  was  typically  1.6  #m/hr. 

Electrical  properties  of  the  films  are  similar  to  the  best  reported  in  the 
literature.7  Carrier  concentrations  in  the  low  101®  cm  ^  range  at  77  K  could  be 
obtained  routinely.  Mobility  values  up  to  3  X  10^  cm^  V  *  sec  *  and  1  X  10^  cm^  V 
sec'1  were  obtained  at  77  K  for  n-  and  p-type  films,  respectively.  Unpassivated  n-type 
films  exhibited  changes  in  the  Hall  voltage  with  time  over  several  days.  In  constrast, 
films  passivated  in  situ  with  an  insulator  coating  had  stable  Hall  voltages  that  were 
different  from  those  measured  on  the  uncoated  samples.  These  effects  can  be  attributed 

to  atmospheric  exposure,  which  has  been  shown  to  affect  the  surface  of  PbTe  and  other 

8  9 

lead  chalcogenides  driving  the  surfaces  p-type.  ’ 


B.  INSULATOR  DEPOSITION 


Both  Zr02  and  Si02  were  used  as  insulators  in  MIS  structure  fabrication.  To 

prepare  for  the  ZrC>2  deposition,  the  epitaxial  PbTe  film  was  moved  away  from  the 

hot-wall  growth  position,  into  an  idling  position,  thereby  terminating  the  growth.  After 

—6 

cooling  for  30  min  in  a  10  Torr  vacuum,  the  sample  was  moved  into  position  A.  ZrC^ 
was  then  deposited  at  5  A/sec  to  a  nominal  1200-A  thickness  by  evaporating  Merck 

pressed  Zr09  pellets  with  an  electron  beam  source.  A  background  oxygen  pressure  of  1.5 

-S  ^  ... 

X  10  Torr  was  maintained  during  the  deposition  by  introducing  UHP  grade  gas  into  the 

vacuum  chamber  at  a  low  rate  to  ensure  oxide  stoichiometry.  The  sample  temperature 

was  estimated  to  rise  to  a  minimum  of  200°C  during  the  deposition. 

Low-temperature  chemical  vapor  deposition  (CVD)  was  the  technique  used  to 

deposit  Si02-  The  PbTe  films  were  remove  1  from  the  growth  chamber,  mounted  on  a 

heater  stage  with  Ga  metal,  and  then  transferred  to  a  simple  CVD  chamber. ^  Total 

atmospheric  exposure  of  the  PbTe  film  was  limited  to  15  min.  After  purging  the  CVD 

O  O 

chamber  with  N2  (6300  cm  /min),  SiH4  gas  (400  cm  /min)  was  admitted,  and  the  sample 
temperature  was  brought  up  to  275°C  in  1  min.  02  gas  (140  cm3/min)  was  then  admitted 
to  initiate  the  SiC>2  film  growth.  The  growth  was  terminated  when  the  appropriate  color 
was  observed,  giving  films  800  to  900  A  thick. 

MIS  structures  were  completed  by  depositing  a  series  of  250-  /im-diameter  Au  metal 
gate  electrodes  in  another  vacuum  chamber.  After  the  metallization,  selected  samples 
were  annealed  under  various  conditions. 


10 
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3. 


MIS  PROPERTIES 


Several  requirements  are  essential  for  CCD  or  CID  operation.  Foremost  among 

these  are  that  the  semiconductor  surface  potential  can  be  manipulated  by  the  gate 

voltage  and  that  the  minority  carrier  generation  currents  should  be  low.  The  equivalent 

circuit  for  the  inverted  semiconductor  surface  can  be  described  by  a  conductance  Gp  in 

parallel  with  the  depletion  capacitance  C  .  By  the  addition  of  the  oxide  capacitance  in 

series,  the  equivalent  circuit  for  the  MIS  structure  in  inversion  is  obtained.  Gp,  which  is 

a  measure  of  the  minority  carrier  generation  current,  can  be  extracted  from  a  plot  of 

the  measured  MIS  inversion  conductance  G  or  capacitance  as  a  function  of 

frequency.  ’  Alternatively,  Gp  can  be  obtained  from  a  measurement  of  the 

complex  admittance  at  a  single  frequency.  The  parallel  conductance  and  capacitance 

can  be  cast  in  terms  of  the  measured  admittance  by  a  simplifie  s  version  of  expressions 

12 

given  by  Nicollian  and  Goetzberger. 
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Conductance-voltage  (G-V)  and  capacitance-voltage  (C-V)  the  measurements  were 
performed  at  various  frequencies  with  the  use  of  a  PAR  184  current  sensitive 
preamplifier  and  PAR  126  lock-in  amplifier  to  characterize  the  MIS  structures. 
Measurements  were  made  with  the  sample  immersed  in  a  liquid  nitrogen  bath  and 
shielded  from  the  room-temperature  background  photon  flux.  A  fine  wire  manipulated 
by  a  mechanical  stage  was  used  to  make  contact  with  the  gate  electrode. 


Representative  results  for  a  p-tvpe  PbTe-Zr02  structure  at  77  K  are  shown  in  Figs. 

2  and  3,  both  before  and  after  vacuum  annealing.  The  annealing  was  accomplished  at 

10-7  Torr  and  at  a  sample  temperature  of  280°C  for  2  hr.  In  both  cases,  C-V  curves 

indicate  that  the  semiconductor  surface  proceeds  from  accumulation  through  depletion 

into  inversion  as  the  gate  voltage  is  increased.  The  slight  voltage  dependence  at  high- 

bias  voltages  is  the  result  of  voltage-dependent  oxide  dielectric  properties.  At  77  K,  the 

structures  could  be  biased  to  60  V  without  breakdown,  indicating  that  the  dielectric 

strength  is  greater  than  5  X  10  V/cm.  The  G-V  characteristics  at  100  kHz  were 

essentially  flat,  independent  of  voltage,  with  a  notable  absence  of  peaks  at  bias  voltages 

corresponding  to  depletion  and  weak  inversion.  Such  peaks  would  be  expected  to  arise 

12  13 

from  fast  surface  states.  ’  It  is  estimated  that  the  density  of  fast  surface  states  is 
less  than  3  X  lO^/eV/cm2. 

All  characteristics  exhibited  some  hysteresis.  The  direction  of  the  hysteresis  is 
consistent  with  hole  or  electron  injection  from  the  semiconductor.  When  annealed  in 
vacuum,  the  hysteresis  window  narrowed,  the  semiconductor  surface  became  less 
accumulated,  and  the  surface  carrier  concentration  increased. 

The  high-frequency  characteristics  of  preannealed  and  postannealed  structures 
could  be  fitted  extremely  well  with  numerical  capacitance  calculations.  These 
calculations  were  performed  by  means  of  degenerate  statistics14  with  band  parameters 
taken  from  a  review  article  by  Dalven.15  An  example  of  the  type  of  fit  obtained  with 
the  flatband  voltage  and  carrier  concentration  as  adjustable  parameters  is  shown  in  Fig. 
2.  The  ratio  of  oxide  dielectric  constant  to  thickness  was  determined  from  the  oxide 
capacitance. 

The  capacitance  behavior  observed  at  400  Hz  is  still  high  frequency  (Fig.  3). 

However,  at  this  lower  frequency,  a  contribution  to  the  conductance  in  inversion  is 

present.  The  parallel  conductance  calculated  from  these  data  is  1.6  X  10~4  mho/cm2  for 

-4  2 

the  unannealed  sample  and  1.1  X  10  mho/cm  for  the  annealed  sample.  The 

characteristic  frequency  of  the  structure  (at  which  Gm/a;  is  a  maximum)  is  given  by11 

=  Gp/2^(Cox  +  Cp)  and  can  be  calcu'^ed  from  these  data  to  be  42  and  19  Hz, 

respectively.  These  frequencies  correspond  to  a  storage  time  of  several  milliseconds. 

(For  some  structures,  G  was  extracted  from  a  G  u  versus  u  plot.  These  results  are 

p  m 

in  agreement  with  the  results  obtained  from  the  single-frequency  admittance 
measurement). 
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Fig.  3.  400-Hz  experimental  Cm-V  and  (Gm/(j)-V  for  the 

sample  in  Fig.  2.  (a)  Before  vacuum  anneal. 

(b)  After  vacuum  anneal. 
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The  admittance  of  the  Zr02  MIS  structures  fabricated  on  different  areas  of  the 
BaF2  surface  exhibited  a  high  degree  of  uniformity,  except  in  areas  where  a  high  density 
of  cleavage  steps  was  observed-  In  those  areas,  the  oxide  tended  to  be  leaky  and  had 
abnormally  high  conductance  values.  Such  difficulties  may  be  circumvented  by  the 

substitution  of  carefully  polished  BaF„  for  the  cleaved  BaFo  as  the  substrate  for 
16  ^ 

epitaxial  growth. 

Several  structures  were  also  fabricated  with  SiC>2.  The  characteristics  of  these 
structures  exhibited  a  large  amount  of  hysteresis  (Fig.  4a),  making  accurate  determina¬ 
tion  of  G  impossible.  Annealing  in  an  H„  gas  flow  for  2  hr  at  250°C  dramatically 
P  z 

narrowed  the  hysteresis  window  (Fig.  4b-4d).  The  C-V  characteristics  at  100  kHz 

corresponded  closely  to  theoretical  calculations.  From  admittance  measurements  at  1 

kHz,  G  was  determined  as  6  X  10"3  mho/cm2.  The  uniformity  of  the  admittance 
P 

voltage  characteristics  was  inferior  to  that  of  the  Zr02  structures.  This  can  be 
attributed  to  the  less  uniform  pyrolytic  Si02  deposition. 


GATE  VOLTAGE,  V 


Admittance-voltage  characteristics  of  a  p-type 
PbTe-pyrolitic  SiO  structure.  Curves  a  and  b 
are  the  C-V  characteristics  at  100  kHz  before  and 
alter  anneal,  respectively;  curves  c  and  d  are  the 
conductance  and  capacitance  of  the  annealed 
structure  at  1kHz,  respectively. 
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4. 


DISCUSSION 


It  has  been  demonstrated  that  PbTe  MIS  structures  with  high-frequency  C-V 
characteristics  very  close  to  theoretical  predictions  can  be  fabricated  by  means  of  PbTe 
epitaxial  thin  films.  In  addition,  by  suitable  annealing  of  the  MIS  structures,  it  appears 
possible  to  achieve  a  controlled  degree  of  surface  accumulation  in  p-tvpe  PbTe-Zr02 
structures.  Such  accumulation  is  desirable  for  preventing  a  lateral  conductance  of 
minority  carriers17  from  contributing  to  *he  parallel  conductance  in  inversion. 


Three  other  terms  that  may  contribute  to  are  bulk  diffusion,  surface  genera¬ 
tion,  and  depletion  layer  generation.  These  contributions  can  be  summed,  respectively, 


where 

q  =  electronic  charge 

H  n  =  electronic  mobility 

n.  =  intrinsic  carrier  concentration 

Ln  =  electron  diffusion  length 

=  acceptor  concentration 

Ng  =  surface  state  density  per  unit  area 

(/(,  =  surface  potential 

crn  =  electron  scattering  cross  section 

vn  =  electron  thermal  velocity 

d  =  depletion  layer  width 

Tg  =  depletion  generation  lifetime 

The  parameter  oc  is  unity  for  thick  films.  For  thin  films  of  thickness  t,  its  value 
may  range  from19  tanh(t/Ln)  to  coth(t/Ln\  which  corresponds  to  the  limits  of  zero  and 
infinite  recombination  velocity  at  the  PbTe-BaF2  interface,  respectively. 


17 


The  dominant  contribution  to  the  conductance  can  be  determined  by  analyzing  the 
temperature  dependence  of  Gp.  Experimentally,  Gp  is  extracted  from  admittance  data 
obtained  at  different  temperatures.  Such  values  are  shown  in  Fig.  5.  The  temperature 
dependence  of  the  conductance  is  activated  and  varies  in  the  same  manner  as  the 
intrinsic  carrier  concentration,  indicating  that  the  depletion-layer  generation  is 
dominant.  The  diffusion  contribution  is  expected  to  have  a  stronger  temperature 
dependence,  determined  mainly  by  rfj  according  to  Eq.(3).  The  surface  generation  term 
depends  on  temperature  primarily  through  the  exponential  dependence  on  ^g/kT  at  a 
fixed  gate  voltage.  Numerical  calculations  indicate  that  the  surface  potential  varies 
considerably  with  temperature,  causing  a  temperature  dependence  even  stronger  than 
that  of  r£. 

Estimates  of  the  size  of  the  diffusion  and  surface  generation  contribution  at  77  K 
indicate  that  these  terms  are  much  smaller  than  the  observed  conductance  values.  The 

n 

bulk  diffusion  contribution  is  estimated  with  the  diffusion  lifetime  of  2  X  10  sec 

1 8 

determined  for  HWE  PbTe  films  by  the  diode  step  recovery  technique.  The  diffusion 

-7  2 

terms  calculated  is  5X10  mho/cm  ,  with  the  use  of  material  properties  appropriate 

to  these  structures  (t  =  6  /jm).  The  surface  generation  term,  based  on  an  estimate  of 
11  2 

Ngg  =  3  X  10  /eV/cm  at  midgap,  is  smaller  than  the  observed  conductance  by  orders  of 
magnitude. 


The  depletion  generation  lifetime  t  can  be  calculated  from  the  expression  for  the 

&  -9 

depletion-layer  conductance.  A  value  of  2  X  10  sec  is  found  for  our  better  Zr02 
structures.  This  value  for  the  lifetime  is  surprisingly  low  in  view  of  the  diode  recovery 
lifetime  measurements.  It  is  quite  possible  that  the  concentration  of  recombination 
centers  is  relatively  large  near  the  top  surface  of  the  epitaxial  films.  The  surface  region 
was  formed  during  the  last  stage  of  growth,  and  thus  is  annealed  to  a  lesser  degree  than 
the  bulk  of  the  film.  It  is  suspected  that  in  that  case  the  recombination  center 
concentration  can  be  reduced  by  a  subsequent  annealing  of  the  film  at  the  growth 
temperature.  It  is  also  possible  that  the  interfacial  strain  between  the  oxide  coating  and 
the  PbTe  may  cause  defects  near  the  PbTe-oxide  interface. 

It  was  observed  that  the  lifetime  in  the  better  ZrC>2  structures  had  decreased  when 
rechecked  after  several  weeks.  It  is  speculated  that  such  a  decrease  may  be  associated 
with  a  chemical  reaction  at  the  oxide-semiconductor  interface  and  a  defect  or  impurity 
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Fig.  5.  Conductance  values  Gp  per  unit  area 
for  an  annealed  PbTe-ZrC^  structure 
calculated  from  admittance  measure¬ 
ments  in  inversion  are  shown  as  a 
function  of  inverse  temperature  (tri¬ 
angles).  The  PbTe  intrinsic  carrier 
concentration  nj  (solid  curve)  was 
calculated  from  parameters  given  in 
Ref.  14. 
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diffusion  into  the  film.  Grain  boundaries,  which  can  be  observed  under  Nomarski  phase 
contrast  microscopy,  may  br  involved  in  such  a  process.  Manipulating  the  grain  size  by 

O  1 

varying  the  HWE  growth  parameters  and  then  forming  MIS  structures  could  be  an 
effective  approach  in  the  investigation  of  such  effects. 

It  has  been  demonstrated  that  fabrication  of  MIS  structures  from  PbTe  epitaxial 
thin  films  is  a  viable  method  for  fabricating  monolithic  structures,  which  are  suitable  for 
use  as  charge  injection  devices.  It  is  expected  that  further  development  of  such 
structures  will  drastically  decrease  the  depletion  layer  generation  process  that 
dominates  the  minority  carrier  generation  at  the  semiconductor  surface. 


B  -  t- 
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LABORATORY  OPERATIONS 


The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver¬ 
satility  and  flexibility  have  been  developed  to  a  high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel¬ 
opments  is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans¬ 
fer,  reentry  physics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo¬ 
sensitive  materials  and  sensors,  high  precision  laser  ranging,  and  the  appli¬ 
cation  of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi¬ 
conducting,  superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor¬ 
rosion  and  fatigue-induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory:  Atmospheric  and  ionospheric  physics,  radia¬ 
tion  from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storm s,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia¬ 
tions  in  space  on  space  systems. 
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